Pseudopotential theory of Auger processes in CdSe quantum dots
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Auger rates are calculated for CdSe colloidal quantum dots using atomistic pseudopotential wave-
functions. We predict the dependence of Auger electron cooling on size and on correlation effects
(included via configuration interaction). Auger multi-exciton recombination rates are predicted for
bi-excitons as well as for tri-excitons. The results agree with recent measurements and shed light
on the significance of the dot surface on Auger multi-exciton decay.

PACS numbers: 71.15.-m, 71.55.-i

Auger effects are expected to play a central role in
carrier relaxation in nanostructures [1]-[10]. Two types
of Auger effects, ilustrated in Fig. 1, are prominent:

(i) Electron cooling (Figs. 1a,b: In the 3D bulk, or a
2D quantum well, the relaxation of an excited electron
to its ground state usually occurs by phonon emission.
The discrete nature of the electronic states of 0D dots
is expected [2] to prevent phonon-assisted electron re-
laxation (phonon bottleneck). Multi-phonon (combined
LO + LA) effects [3], or polaronic effects [4, 5], may
allow electronic relaxation to occur within a limited en-
ergy range around the phonon energy hwy. However,
this may not be sufficient to remove the phonon bottle-
neck in small, strongly confined quantum dots. On the
other hand, electron relaxation rates in CdSe quantum
dots were observed to be fast (7 ~ 0.3 ps in 2.3 nm ra-
dius nanocrystals [6], 7 = 0.9 — 1.2 ps for samples of size
4.3 nm [7]). It was proposed [8] that in a photoexcited
quantum dot the “hot” electron can transfer its energy
to the hole via an Auger process involving electron-hole
scattering (Fig. lab).

(ii) Auger multi-exciton recombination (Fig. 1c,d): A
ground-state biexciton can decay into an excited-state
monoexciton. Due to a large number of final mono-
exciton excited states, the efficiency of this process com-
petes with radiative recombination (i.e. 727! < T.44),
and effectively quenches the PL intensity [9]. These
events can lead to photoionization (when one of the final
electron or hole states is unbound), which was invoked to
explain PL intermittency effects [10]. The inverse Auger
process (creation of two e-h pairs from a single excited ex-
citon) has been advocated [11] as a mechanism of enhanc-
ing solar cell efficiency. A similar Auger process involves
the decay of a ground state tri-exciton into an excited
bi-exciton; this 3 — 2 Auger decay (Fig. 1d) can be even
faster than the 2 — 1 decay (Fig. 1c). Yet another type
of Auger process involves the decay of a ground state

trion into a hot electron (7. in Fig. 1e) or a hot hole (7,
in Fig. 1f).

All Auger effects illustrated in Fig. 1 are at the
heart of quantum dot carrier dynamics, and produce
phenomena distinct from bulk physics. Recently, fem-
tosecond carrier dynamics studies (see [1, 6, 9] and refer-
ences therein) have been performed on colloidal quantum
dots. These experiments have revealed various carrier re-
laxation times, which have been attributed to different
Auger relaxation processes. Since, however, the interpre-
tation of the results in terms of specific decay mechanisms
is uncertain, there is a need for accurate theoretical calcu-
lations for specific Auger decay processes. Auger effects
in quantum dots have been previously modeled using k-p
[8, 13] and tight-binding [14] Hamiltonians. However, the
conventional k-p description for the highly excited states
involved in Auger transitions might not be sufficiently ac-
curate [15]. Furthermore, the choice of the boundary con-
ditions for the k-p wavefunctions near the surface could
be problematic [16], and as we will see later, such region
plays a critical role in some of the Auger processes. There
are also problems due to the lack of atomistic descrip-
tion of the wavefunctions for multi-exciton Auger effects
which involve exchange- and Coulomb-like integrals. The
same problems exist in the tight-binding method which
lack explicit basis functions [14]. Thus, there is a need for
realistic and quantitatively reliable methods to calculate
the Auger effects in quantum dots.

We have applied our pseudopotential many-body ap-
proach [17] to calculate different Auger processes in CdSe
quantum dots. We will show that such calculations pro-
duce quantitative agreement with experiments, reveal the
dependence of cooling rates on excitation energy, predict

the ratios between 75732 and 727}!, the hidden relations
between 727! and 7. and 75, and the role of the dot

surface in Auger multi-exciton recombination.

Method of calculation: although there is no momentum



conservation in Auger processes for a quantum dot, the
energy still needs to be conserved. The discreteness of
the dot-confined single-particle energy levels would seem
to preclude energy conservation and therefore efficient
Auger transitions [13]. However, other interactions hav-
ing quasi-continuous spectra can be involved and thus
mitigate the energy conservation problem. In order to
account for these other processes we consider the Auger
final states to have a finite lifetime %/T, thus evolve with
time as @ yipqexp(—iwt — I't/2Rh). This finite lifetime is
due to interaction with other excitations (e.g., phonons)
which cause their decay into lower energy states. We de-
rive a phenomenological formula for the Auger rate (un-
der the standard time dependent perturbation theory):
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where |i > and [f, > are the initial and final Auger
electronic states, Fy and F; are their eigen-energies,
and AH is the Coulomb interaction. In Eq. (1), we
have used multiple final states {n} (where n includes
spin as well), since each final state might have some con-
tributions to the Auger rate W. The Auger lifetime is
7 = 1/W;. We have calculated the single-particle energy
levels ¢; from the plane-wave empirical pseudopotential
method described in Ref. [18], solved within a plane-
wave basis, including spin-orbit effects. The surface of
the wurzite dots is saturated by ligand potentials. We
have used both the original EPM of ref. [19] (hence-
forth referred to as EPM-1), and a slightly modified po-
tential (EPM-2), with a different numerical implementa-
tion of the non-local potential (the eigenstates of EPM-1
and EPM-2 are however very similar). We consider two
dots: Cd2325’6235, C’d534565277 of diameters 29.25 and
38.46 A , respectively. The initial and final states |i) and
|f) are given by Slater determinants obtained by popu-
lating the appropriate electronic states. When the ini-
tial or final states are degenerate or nearly degenerate,
a configuration-interaction expansion of the many-body
states was used to account for the coupling between the
nearly degenerate Slater determinants. The evaluation
of the Auger matrix elements (i{|/AH|f) requires the cal-
culation of Coulomb integrals of the form:
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where {¢;} are the single-particle wave functions and
e(r,r') is the dielectric function of the quantum dot. The-
oretically it is not clear whether the Auger rates should
include screening or not (i.e. whether e(r,r') = 1). Tra-
ditionally, in the theoretical treatment of bulk valence
Auger processes, dielectric functions are used [20], al-
though there is no rigorous derivation for such screen-
ing [21]. It is also important to determine whether the

(1)
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main contribution to the Coulomb integrals (Eq. (2))
comes from the interior of the dot (in which case screen-
ing might be important), or from its surface (in which
case €(r,r') ~ 1 would be a better approximation). To
account for both possibilities, we use a dielectric screen-
ing function
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where m(r) is a mask function that changes smoothly
from 1, when r is inside the dot, to 0, when r is outside.
e(r,r'), therefore, is equal to €(d; |r — r'|) inside the dot,
while it is equal to 1 when r, or r’, or both are outside
the dot. Eq. (3) can thus also be used to investigate the
origin (surface or interior) of J(j,k,l,m): if the use of
Eq. (3) yields the same result obtained with e(r,r') =
€(d; |r — r'|), then the main contribution to the integral
comes from the interior of the dot. If, however, the result
is close to the one obtained with e(r,r’) ~ 1, then the
integral is coming mostly from the surface. We have used
our calculated dielectric function e(d; [r —r'|) [19], which
depends on the dot size d.
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FIG. 1: Illustration of the various Auger decays considered
here. The integer on the bottom right-hand side of each panel
indicates the total number of spin configurations (channels)
in the final state.

Auger electron thermalization: The final and critical
step in the electron cooling process (Fig. 1la) involves
the decay of the excited electron from the p level e,; to
the ground electronic state es. In the Auger-mediated
thermalization process, this is achieved by promoting a



hole from hg to h,. The decay rate is thus:
‘J(hm €p; B, es,a)‘Q

T*l(hsepl — hpes) = %Z (

where AE=e¢, ,-¢€, is the energy difference between ini-
tial and final electron levels and the sum runs over the s
electron spin a =7, ] as well. Using the masked dielectric
function of Eq. (3), we find that the main contribution to
the integrals J(hs, ep, by, €s) comes from the interior of
the dot, so the use of e(r,r') = ¢(d; |r —r'|) is appropriate
for the Auger thermalization process. The summation in
Eq. (4) includes 30 final hole states {¢n,} [22]. The
resulting 77! (hse, — hnes) are plotted as functions of
AF in Fig. 2 using three possible values for the broaden-
ing T': 5, 10, 20 meV. Experimental energy loss rates for
highly excited holes (or electrons) yield an estimate for I’
around 10 meV [23]. Since in actual nanocrystals, there
are many factors which might affect the value AE of the
electron sp splitting (shape and size distribution, surface
effects, external charge near the quantum dot, etc.), we
show, in Fig. 2 the plot of 7 vs. AFE, from which we de-
rive the following observations: (i) at resonance, 7 is of
the order of 0.1 ps; (ii) away from resonance, the Auger
lifetime is inversely proportional to I', and, for I' = 10
meV, 7 is about 0.5 ps for both quantum dots. These
results are in excellent agreement with the recent exper-
iment by Klimov et al. [6], where the p to s electron
cooling has been determined to have a lifetime of about
0.3 ps.
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FIG. 2: Auger decay rates for electron cooling (Fig. 1a),
for two different sizes of passivated CdSe dots, evaluated at
three values of the broadening parameter I' (see Eq. (4)).
The vertical arrows denote the value of the cooling energy
AE:egp — €e,. The calculations use EPM-2 and the single-
particle approximation.

Many-body effects on Auger thermalization: Table I

AE + €h, — Ehs)z + (F/2)2 :

(left-hand side) compares the results of the single-particle
(SP) approach and the CI treatment for 7(hsepr — hpes)
(Fig. 1a), showing that many-body effects play a minor
role in such decay. We find that correlation effects under-
lying the CI treatment lead to a shift of the resonance po-
sitions, compared to the single particle treatment. This
shift increases with decreasing nanocrystal dimensions,
whereas the overall shape of the curves and the values of
the lifetimes at resonance are very similar.

TABLE I: Left-hand side: Comparison between electron cool-
ing ep1hs — eshy, Auger lifetimes (in ps) calculated within the
single-particle (SP) approximation and with CI. Right-hand
side: comparison between SP and CI results for the Auger
cooling lifetimes in the presence of a spectator ground state
exciton. All values displayed are calculated with EPM-1 (at
T=300 K) for the actual value of the electron sp splitting
(i.e. at the position of the arrow in Fig. 2). The CI basis
includes the first 30 hole and first 7 electron states, i.e. 840
configurations.

No spectator exciton | With spectator exciton

SP CI CI SP
Cd23286235 0.024 0.023 0.017 0.024
Cds34Ses27 | 0.029 0.038 0.036 0.029

Auger thermalization in the presence of a spectator ex-
citon: thermalization from ep; to e; can also occur when
other particles exist as spectators. We find (Table I right-
hand side) that the electron cooling lifetime in the pres-
ence of a spectator exciton (Fig. 1b) is shorter than the
lifetimes for the corresponding Auger relaxation without
the spectator exciton [24]. This implies that the cor-
relation effects (partially included in the CI treatment,
but not in the single-particle one) become increasingly
important, for the Auger electron cooling process, with
increasing number of carriers.

Auger bi-exciton recombination (Fig. 1c): The biexci-
ton recombination process sketched in Fig. 1c has an in-
teresting selection rule: if we use 7, to denote the Auger
lifetime for the process of exciton+electron — electron
(Fig. le), and 73, for the process of exciton+hole — hole
(Fig. 1f), then we have the rule:
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where the factor 2 comes from the increased channel
availability in the 2 exciton — 1 exciton case [25]. To
calculate 7, and 75, we use a single Slater determinant
to represent | > and |f,, > in Eq. (1), and we obtain:
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where the subscripts 1, | indicate the spin- degenerate
Kramer’s doublets, and €, is the single-particle energy
gap (see Fig. la). Via Eq. (3), we find that the multi-
exciton recombination rate comes primarily from the sur-
face of the dot, so the screening €(r,r') can be assumed
in first approximation to be equal to 1. To calculate 7,
(mn) we have computed 60 electron (hole) states around
the ideal energy €gqp + €, (€gap — €n.). The results for
Cds34Ses507 are shown in Fig. 3a, for '=10 meV. The life-
time 7 is plotted as a function of €44, the actual value
of which is indicated by a vertical arrow. We see how
the sum rule (Eq. (5)) is obeyed: The slow decay of the
negative trion into a hot electron (7, ~40-60 ps, in Fig.
1le), and the decay of the positive trion into a hot hole
(tn ~40-80 ps, in Fig. 1f), add up to the fast bi-exciton
decay 72731, Fig. 1c, of about 12 ps. We estimate that the
use of the effective screening of Eq. (3) will increase the
calculated Auger lifetime by a factor of about 2, yielding
7271 ~ 24 ps. This is in excellent agreement with the
experimental result of 22 ps [9].

Tri-exciton Auger decay (Fig. 1d): The values ob-
tained for the lifetime as a function of the single-particle
gap €gqp, assuming e(r,r’) = 1, are shown in Fig. 3b for
Cds34Ses27. We see that, 72732 is roughly 5 ps. This
gives a ratio of 727! /7372= 2.4, which is very close to
the experimental ratio of 2.1 [9].

In summary, we find: (i) A sensitive dependence of the
electron cooling rates on E, — F, the off-resonance value
of which depends on the value of I'. Due to this sensitiv-
ity it should not be possible experimentally to see single
exponential decay when investigating dot ensembles. Us-
ing the experimentally estimated I’ (10 meV), gives 7 of
the order of 0.5 ps, in excellent agreement with experi-
ment. (ii) The main contribution to 1/727! comes from
the dot surface, therefore its exact value might depend
on the details of the description of the surface dielectric
screening. (iii) A simple model for the screening func-
tion near the surface gives an estimate for 727! around
24 ps for the Cds34Ses05 dot. This again is in very good
agreement with experiments. (iv) Our calculated ratio
271 1372=2 4 for the Cds34Ses27 dot agrees well with
the experimental value of 2.1.

Our pseudopotential calculations confirm many ex-

perimental Auger results in CdSe quantum dots. Our
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FIG. 3: Cds34Ses27 dot: (a) Auger bi-exciton recombination
lifetime 727! (Fig. 1b), decomposed into the 7. (Fig. 1c)
and 7, (Fig. 1d) contributions (see Eq. (5)). (b) Auger
tri-exciton recombination lifetime 72732 together with its two
contributions coming from a single hole and a single elec-
tron scattering. All lifetimes were calculated with EPM-2

and e(r,r') = 1.

methodology presents itself as a reliable tool to calculate
the details of Auger processes in nanostructures.
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